Abstract: Objective To determine whether the convergences of tactile information also occur at thalamic ventroposterolateral nucleus in rats, we investigated the properties of tactile responses of the thalamic ventroposterolateral nucleus in rats. Methods Unit responses were recorded extracellularly from thalamic ventroposterolateral nucleus in anesthetized rats. Results Among 156 neurons examined, 140 neurons (89.7%) had the single, continual and small receptive fields, and 16 neurons (10.3%) had two discrete receptive fields. Some neurons exhibited different responses to the same intensity stimulation which delivered to different points in their receptive fields. In addition, 4.5% neurons (n = 7) responded only to locomotive stimulation but not to a punctiform tactile stimulation. Conclusion The majority of neurons in ventroposterolateral nucleus of rats have the spatial, temporal and submodal characteristics of cutaneous receptors, while the minority of neurons exhibit the responses of interaction of different peripheral receptors. Therefore, it is concluded that there are convergences of tactile information at the ventroposterolateral nucleus of rats.
Introduction
Neurons within the dorsal column lemnisco-thalamic pathway have classically been considered to securely preserve the spatial, temporal and submodal characteristics of cutaneous receptors [1] [2] [3] . The reason for the apparent absence of complex interaction of various receptor inputs at thalamic and cortical levels in previous studies was probably due to the lack of controlled mechanical stimuli and the deep anesthesia to the animals [4, 5] . Increasing studies on the dorsal column lemnisco-thalamic pathway in the mammalian brain, however, indicated that there were the convergences of sensory information in the somatosensory cortex [6] [7] [8] . In addition, thalamic ventrobasal (VB) nucleus was also involved in converging sensory information in cat, raccoon and monkey [9] [10] [11] . Thalamic VB nucleus is the relay nucleus of somatosensory system, principally including the ventroposterolateral (VPL) nucleus and the ventroposteromedial (VPM) nucleus. It has been reported that there were also convergences of sensory information in the VPM of rats. For example, the VPM has quite large receptive fields (RFs) covering up to 20 but not only single whisker [12] [13] [14] . However, whether a functional afferent convergence exists in rat VPL nucleus is still not clear. In order to answer this question, we used the single-unit extracellular recording method to study the properties of tactile responses of neurons at rat VPL nucleus.
Materials and methods

Animals and surgery
Experiments were performed using 41 male Sprague-Dawley rats weighing 250-310 g (4-5 months). All procedures did as per principles of the National Institute of Health for the Care and Use of Laboratory Animals (NIH Publication No. 80-23, revised 1996). The animal was anaesthetized with 25% urethane (0.5 mL/ 100 g) through the entire experiment, and held on a stereotaxic apparatus. According to Paxinos and Watson's coordinate atlas of the rat, the parietal cortex was exposed by the craniotomy to penetrate the recording electrode in the thalamic VPL (AP -2.16 --3.84 mm, ML 2.4-3.5 mm, DV 5.4-7.0 mm). The animal was paralyzed by intraperitoneal injection of 0.5% Flaxedil (0.1-0.3 mL/h) and ventilated artificially during the experiment. Rectal temperature was monitored and maintained at (38 ± 0.5) °C with a thermostatic control pad.
Electrophysiological recording
Single unit activity was recorded extracellularly in the VPL nucleus by means of glass micropipettes (impedance 3-8 M ) which was filled with 0.5 mol/L sodium acetate solution containing saturated fast green.
The tactile receptive field of a single VPL neuron was examined by a small hand-held brush. The quantitatively controllable tactile stimulus was delivered by an electronically gated solenoid with a probe of 1 mm in diameter as described previously [15] . Spikes evoked by repetition (20 times) of the same tactile stimulation were averaged and the post-stimulus time histograms (PSTHs) were generated.
Histological identification
After completion of the experiment, fast green was delivered to the recording sites from a glass micropipette by microelectrophoresis (10 μA for 30 min). The animal was perfused with the saline, followed by 10% buffered formalin solution. After post-fixation (for 24 h), the brain was removed and was put into 10% buffered formalin solution with 5% potassium ferrocyanide for 2-7 d. Sixty micrometer-thick coronal sections were cut with a freezing microtome. The position of neuronal recordings was confirmed by microscopic examination. Location of the recording electrode was verified by histology. Figure 1 shows the sketch map of recording sites.
Statistical analysis
The percentage of neurons of each type was analyzed for statistical significance by 2 test by using SAS 9.1.3 software. P < 0.05 was considered statistically significant.
Results
The receptive field of tactile neurons in rat VPL nucleus
As listed in Tab. 1, of the 156 VPL tactile neurons tested, 140 neurons (89.7%) had the single, continual and small receptive fields, while 16 neurons (10.3%) had two discrete receptive fields. Among the 140 neurons described above, the proportion of neurons with the single receptive fields in forelimb, hindlimb or trunk were 60% (n = 84), 30.7% (n = 43) and 9.3% (n = 13), respectively. Statistical analysis had
shown that there was no significant difference in the percentage of neurons of each type with different properties ( 2 test, 2 = 5.3, P > 0.05). Figure 2 was a series of recordings of a neuron with the large RF in trunk. When the tactile stimulation (indentation depth, 500 m; velocity, 49 m/ ms; duration, 1 000 ms) was delivered to the center of RF, it could evoke a strong ON-OFF response ( Fig. 2A, B) . However, the same tactile stimulus evoked a weak ON-OFF response ( Fig. 2C-E ) at other points within RF and induced only ON-response at the edge of RF (Fig. 2F-J) . This result suggested that the same tactile stimulation evoked different discharge modalities at different points of the RF. Figure 3 shows the recordings of a neuron with RFs in hindpaw. The tactile stimulation (indentation depth, 400 m; velocity, 60 m/ms; duration, 500 ms) evoked the ON-OFF response at pulvillus A, B of hindpaw (Fig. 3A, B) and ON-response at pulvillus C-F (Fig. 3C-F ) and digit 1, 4 and 5 (Fig. 3G , J-K), while could not induce apparent responses at digit 2 ( Fig. 3H ) and digit 3 (Fig. 3I) . Theses results also indicated that the RFs of VPL neuron were inhomogenous.
Tactile responses of thalamic VPL neurons to static punctiform stimulation
Tab. 1 RF distribution of VPL tactile neurons in rat thalamus
Tactile responses of thalamic VPL neurons to locomotory stimulation
A few tactile neurons (n = 7, 4.5%) of VPL nucleus did not respond to a static and punctiform tactile stimulaiton but did respond to brushing stimulation. These neurons were classified as two groups. Group 1 neurons responded to brushing stimulation in all direction, being called as nondirection-sensitive neurons. Group 2 neurons responded to brushing stimulation in the certain direction, being called as direction-sensitive neurons. Figure 4 was a record of a nondirection-sensitive neuron with RF in scapular region (Fig. 4H) . A punctiform tactile stimulus did not evoke any related response (Fig. 4A ), but this neuron produced the spikes to brushing stimulation in all directions in RF (Fig. 4B-G) and there was no significant difference in firing frequency to brushing stimulus in all directions within the receptive field. Figure 5 shows a record of a direction-sensitive neuron. This neuron, similar to the described one above, did not respond to the static and punctiform tactile stimulus while responding to brushing stimulation in receptive field. The firing frequencies changed obviously when the direction of brushing stimulation was altered. As shown in Fig. 5 , the responses to the brushing stimulation paralleling to the main axis of the body from fore to post (Fig. 5A) were stronger than those to the opposite direction (Fig. 5F ).
Discussion
Thalamic ventrobasal nucleus, including mainly the VPL and the VPM, is the relay nucleus of somatosensory system. Many neurohistological and electrophysiological studies have shown that the representative areas of head, face, lip, tooth and lingua are in the VPM nucleus; while the contralateral limbs, trunk and tail are in the VPL nucleus. In addition, the volume of the nucleus in VPL and VPM depends on the relative intensities of the somatosensory nerve allocated to the face and soma, respectively [16] [17] [18] [19] . In rodents, main tactile organs are the nose, whiskers and lips, thus the volume of VPM nucleus is larger than that of VPL nucleus, which has been studied well. In the present experiments, we focused our investigation on the VPL nucleus. As shown in Tab. 1, the proportion of neurons with receptive fields in the forepaw was the highest, next was in the hindpaw and the least was in the trunk.
It was proposed that there were various patterns of convergences of sensory information in the thalamic VB nucleus including the VPL and VPM nucleus in cat, raccoon and monkey [9] [10] [11] . For instance, some neurons in thalamic VPL and VPM nucleus had large bilateral receptive fields [19] , which located in the hairy and glabrous skin area [20] . These neurons were sensitive to locomotive stimulation, but not sensitive to the punctiform stimuli delivered to the receptive field [21, 22] . Werner and Whilsel [23] reported that there were some "characteristic detectors" in the thalamic VPL and VPM nucleus, which were the same as the ones in somatosensory cortex, reflecting a convergent input. In rodents, it has been reported that the VPM has quite large receptive fields covering up to 20 whiskers, which argues against the previous reports that the single receptive field in rat VPM covered only single whisker [12] [13] [14] . These results suggest that there is convergence of tactile information in the VPM nucleus of rodent. However, it has not been known whether the convergence of tactile information also occurs in the VPL nucleus of rats. In the present study, we observed that properties of the vast majority of neurons in rat VPL nucleus mostly resembled those of peripheral tactile mechanoreceptors, such as responsing to static punctiform stimulation and having the single and small RF. Notably, the minority of neurons in rat VPL nucleus had the large or two discrete RFs. These neurons produced the different responses to the same tactile stimulus delivered to different points in the RF, such as the center and edge of receptive field. The study suggested that there would be the ununiformity of receptive fields in rat VPL nucleus. In addition, some neurons in rat VPL nucleus were only sensitive to locomotive stimuli, but not sensitive to the static punctiform stimuli. This result is in agreement with the previous reports in monkey and cat, demonstrating that some neurons in rat VPL nucleus do not simply mimic peripheral receptor afferent, but converge afferents from different peripheral receptors. Therefore, it should be concluded that convergence of tactile information also occurs in the VPL nucleus of rats.
